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Calcium signalling: Store-operated channel found at last
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The intestinal Ca2+ transport protein CaT1 has recently
been shown to have the biophysical characteristics of
the Ca2+-release activated Ca2+ channel that refills
internal Ca2+ stores following agonist-elicited release.
This finding highlights a hitherto unrecognized link
between epithelial Ca2+ transport and Ca2+ signalling.
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Epithelial Ca2+ absorption was until recently regarded as an
unexciting research area, having little in common with the
more glamorous Ca2+ signalling field. This changed with
the molecular cloning and characterization of a channel-like
transporter, ECaC, which mediates Ca2+ absorption in
kidney tubules [1]. ECaC is structurally similar to a Ca2+
channel, CaT1, from the intestine [2] and is also related to
the ‘transient receptor potential’ (TRP) channels, some of
which are operated by Ca2+ store depletion [3–6].
The so-called ‘store-operated’ Ca2+ channels refill empty
intracellular Ca2+ stores in the endoplasmic reticulum fol-
lowing agonist-elicited release. The Ca2+-release activated
Ca2+ current, ICRAC, is the best-characterized store-oper-
ated Ca2+ entry pathway [7,8]. CaT1 has now been shown
to form all or part of the ICRAC pore [9]. ICRAC is supposed
to refill Ca2+ stores in the endoplasmic reticulum after
agonist-elicited Ca2+ release, but it has been impossible to
record this current under physiological conditions. This
problem has now been solved by showing that energized
mitochondria reduce the concentration of the Ca2+-releas-
ing messenger inositol 1,4,5-trisphosphate (IP3) which is
required to activate Ca2+ entry. Optimal mitochondrial
metabolism allows observation of ICRAC under physiologi-
cal conditions [10,11].
Epithelial Ca2+ transport
Figure 1 summarizes the most important steps in Ca2+
absorption and secretion. In both cases there are three
important elements: a Ca2+ entry step; an intracellular
translocation of Ca2+ from the entry side to the exit side;
and an exit step. The entry step is best characterized in
the absorbing cells, whereas the exit step has been most
thoroughly investigated in the secretory cells. The intra-
cellular translocation process appears to be different in the
two cases, but both require active or passive Ca2+ buffering.
The best known Ca2+ channels are those activated by mem-
brane depolarization [12], and these voltage-gated pores
are essential for the function of neurons and cardiac
muscle cells. Such channels would not be useful in
epithelial cells, as these cells are not activated by depolar-
ization [13]. Ca2+ entry in epithelia occurs at normal nega-
tive resting potentials and is mediated by different
channel proteins. The ECaC channel protein lacks the
voltage sensor element characteristic of voltage-gated
Ca2+ channels [14], and in HEK293 cells expressing these
pores, Ca2+ entry is enhanced by membrane hyperpolar-
ization [15]. The open-state probability of CaT1 channels
is maximal at very negative membrane potentials and
decreases as the membrane is depolarized [9]. ECaC and
CaT1 channels are both very Ca2+ selective [9,15]. The
TRP4 and TRP5 channels are also store-operated, but are
not as highly Ca2+ selective as the ICRAC channels [5,6].
CaT1 is present in a variety of epithelial cells [16], ECaC
specifically in vitamin D-sensitive epithelia [1,14,15] and
TRP channels in the brain and endothelia [3,5,6].
Most Ca2+ channels are inhibited by an increase in the
cytosolic Ca2+ concentration [7]. This negative feedback
protects against cytosolic Ca2+ overloading. Ca2+ entry there-
fore only occurs when Ca2+ can be effectively removed
from the inner aspect of the plasma membrane. Absorbing
and secretory epithelial cells have evolved different mech-
anisms for dealing with this problem (Figure 1). The Ca2+-
absorbing cells contain high concentrations of a special
vitamin D-dependent Ca2+-binding protein, calbindin,
which acts as an intracellular Ca2+ shuttle. Calbindin binds
Ca2+ entering at the apical membrane and the complex
diffuses across the cell to the base, where Ca2+ is extruded
by a Ca2+ pump and, in some cases, a Na+/Ca2+ exchanger
[14]. The ‘empty’ calbindin then returns to the apical side
(Figure 1).
The pancreatic acinar cell transfers Ca2+ in a different way,
involving active rather than passive buffering. The move-
ment from the base to the apex occurs through the lumen
of the continuous endoplasmic reticulum tunnel, rather
than through the cytosol, where the Ca2+-binding capacity
is much higher than in the endoplasmic reticulum [17].
The endoplasmic reticulum stretches from the base to the
apex, and Ca2+ entering through store-operated channels
at the base is taken up by sarco-endoplasmic reticulum
Ca2+ ATPase (SERCA) pumps into the endoplasmic retic-
ulum. Ca2+ diffuses through the endoplasmic reticulum
lumen and can be liberated from the endoplasmic reticu-
lum extensions at the apical pole, where Ca2+ release chan-
nels are clustered [17]. Ca2+ uptake into the endoplasmic
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reticulum is stimulated by a reduction in the Ca2+ concen-
tration of the endoplasmic reticulum [18].
The plasma membrane Ca2+ pump mediates Ca2+ exit.
The plasma membrane Ca2+ pump operates at the resting
cytosolic Ca2+ level and its activity is enhanced markedly
by small increases in the cytosolic Ca2+ concentration.
Ca2+ released from endoplasmic reticulum terminals in the
apical pole of pancreatic cells would therefore be extruded
across the apical membrane where the plasma membrane
Ca2+ pumps are clustered [17] (Figure 1).
Regulation of store-operated Ca2+ entry
Store-operated Ca2+ entry is regulated in different ways  in
the absorptive and secretory systems. The slow regulation
in the absorbing cells would appear to occur mainly by
Figure 1
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Ca2+ transport steps in an absorptive (left) and a secretory (right)
epithelial cell. On the left is illlustrated an epithelial cell from the
intestine or the kidney. In this cell type, Ca2+ absorption is regulated by
1,25-dihydroxyvitamin D3. Ca2+ enters from the lumen of the intestine,
or the kidney tubule, via a Ca2+ channel — CaT1 or ECaC — in the
apical membrane. The cytosolic Ca2+-binding protein calbindin — the
synthesis of which is controlled by 1,25-dihydroxyvitamin D3 via
interaction with a receptor (R) in the cytoplasm and subsequent
translocation into the nucleus (N) — binds Ca2+ entering from the
lumen, and then diffuses across the cell to the basal side, where Ca2+
is extruded into the extracellular fluid (ECF) by the plasma membrane
Ca2+ pump (PMCA) and (in the case of the kidney) the Na+/Ca2+
exchanger. ‘Empty’ calbindin molecules return to the apical side, where
they can again bind Ca2+, continuing the cycle. On the right is
illlustrated a pancreatic acinar cell. Ca2+ enters through a store-
operated channel (SOC) in the basal membrane and is then taken up
into the endoplasmic reticulum by the Ca2+ pump (SERCA). Ca2+
diffuses throughout the lumenally continuous endoplasmic reticulum
and can, during agonist stimulation, be liberated from endoplasmic
reticulum elements in the apical part of the cell, where the Ca2+ release
channels — IP3 receptors (IP3R) and ryanodine receptors (RyR) — are
concentrated. Ca2+ released from the apical part of the endoplasmic
reticulum is extruded into the acinar lumen by Ca2+ pumps (PMCA),
which are concentrated in the apical membrane.
vitamin D-mediated control of the calbindin concentration
and expression of transmembrane Ca2+ transporters [14].
In secretory cells, the acute control is mediated by agonist-
stimulated production of messenger molecules, such as
IP3, which affect the release of Ca2+ from the endoplasmic
reticulum and thereby the endoplasmic reticulum Ca2+
concentration. The degree of reduction in the endoplas-
mic reticulum Ca2+ concentration, in turn, determines the
degree of opening of the store-operated Ca2+ channels and
the rate of reuptake by SERCA pumps into the endoplas-
mic reticulum. Refilling of the endoplasmic reticulum
occurs without any measurable elevation of the cytosolic
Ca2+ concentration [18,19] (Figures 1,2).
One of the main routes for refilling endoplasmic reticulum
stores should be via ICRAC channels, but it is generally not
possible to observe ICRAC without chelating cytosolic Ca2+
using a high intracellular Ca2+ buffer concentration. Fur-
thermore, many experiments indicate that the endoplas-
mic reticulum Ca2+ store has to be almost completely empty
before these channels are activated. In the recent study of
CaT1 channels [9], for example, ICRAC had to be evoked
by a combination of IP3 and the SERCA inhibitor thapsi-
gargin. This is clearly not a physiological situation. In fact,
physiological stimulation of normal cells does not result in
substantial depletion of the endoplasmic reticulum Ca2+
store. In normal pancreatic acinar cells, a low acetylcholine
concentration elicits repetitive cytosolic Ca2+ spikes, and
these are not associated with any measurable reduction in
the endoplasmic reticulum Ca2+ concentration [17]. Nev-
ertheless, Ca2+ is lost from the store, almost certainly as a
result of extrusion by plasma membrane Ca2+ pumps of
some of the Ca2+ liberated from the endoplasmic reticu-
lum. In the absence of external Ca2+, this type of stimula-
tion causes, within a few minutes, a measurable reduction
of the endoplasmic reticulum Ca2+ concentration and the
cytosolic Ca2+ spiking ceases. But in the normal presence
of external Ca2+, the loss of Ca2+ from the cell is balanced
exactly by entry. 
If ICRAC channels are to fulfill a normal physiological
function, they must be able to sense small reductions in
the endoplasmic reticulum Ca2+ concentration and must
open to refill the store. It should therefore be possible to
demonstrate that physiologically relevant stimuli can acti-
vate ICRAC. It has now been shown that IP3 can indeed
activate ICRAC under near normal intracellular buffering
conditions, but only when the mitochondria are respiring
[10]. An energizing mitochondrial cocktail was effective in
the whole-cell patch clamp recording studies that are nec-
essary for monitoring ICRAC. More recently, it has also been
demonstrated that energized mitochondria increase the
range over which IP3 activates ICRAC, so that much lower
(and more physiological) levels of IP3 are sufficient to
induce this current [11]. In pancreatic cells, store-operated
Ca2+ entry causes specific uptake of Ca2+ into mitochondria
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Figure 2
Cellular Ca2+ transporters. Ca2+ entering
through store-operated channels (SOC) —
belonging to the CaT, ECaC or TRP families —
in the plasma membrane can be taken up by
SERCA pumps into the endoplasmic reticulum
or by the Ca2+ uniporter into the mitochondria.
Ca2+ can leave the endoplasmic reticulum via
specific Ca2+-release channels — IP3R and
RyR — and be liberated from the mitochondria
via a Na+/Ca2+ exchanger. Ca2+ can also be
extruded by the PMCA. SOC is activated by a
decrease in the Ca2+ concentration inside the
endoplasmic reticulum via an unknown
mechanism. A rise in the cytosolic Ca2+
concentration inactivates SOC. Ca2+ uptake
into the organelles will therefore diminish the
negative feedback on SOC. A rise in the intra-
mitochondrial Ca2+ concentration stimulates
metabolism and therefore provides ATP,
which sustains active accumulation into the
endoplasmic reticulum via the SERCA pumps.
PMCA
Ca2+
Ca2+
Ca2+
Ca2+
Ca2+
SOC
SERCA
ATP
Uniporter
Na+
Plasma membrane
Current Biology   
IP3R
RyR
+-
ERMitochondrion
Dispatch R523
situated very close to the basal membrane [20]. Ca2+ uptake
into these mitochondria would diminish the negative feed-
back on the Ca2+ entry channels and would activate local
ATP production, which would be helpful for the local
SERCA-mediated uptake into the endoplasmic reticulum
[20] (Figure 2). 
Conclusion
Recent work has clarified two major issues concerning the
mechanism by which internal Ca2+ stores are refilled from
the external solution following agonist-elicited release and
export from the cell. The best-characterized store-oper-
ated Ca2+ entry pathway, ICRAC, has now been shown to
be mediated by the previously isolated CaT1 transporter
from intestinal cells. Other store-operated Ca2+ channels
belong to the TRP family. The doubts that have existed
about the physiological importance of ICRAC have been
dispelled by the demonstration that energized mitochon-
dria allow activation of ICRAC under near-physiological
conditions. However, the mechanism by which a reduction
in the endoplasmic reticulum Ca2+ concentration causes
opening of ICRAC and other store-operated Ca2+ channels
remains elusive.
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